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The species-speciﬁc morphology of digits in the tetrapod limb, including the length and number of
metacarpal, metatarsal, and phalangeal bones, suggests that a common developmental mechanism for
digit formation is modiﬁed in a species-speciﬁc manner. Here, we examined the function of the AP-2β
transcription factor in regulating digit length in the chicken autopod. Mutations in the gene encoding AP-
2β are associated with Char syndrome, a human autosomal dominant disorder. Char syndrome patients
exhibit autopod skeletal defects, including loss of phalanges and shortened ﬁngers, suggestive of a
function for AP-2β in normal digit development. The ectopic expression of two different dominant-ne-
gative forms of chick AP-2β, equivalent to mutant forms associated with human Char syndrome, in the
developing chick hindlimb bud resulted in defective digit formation, including reductions in the number
and length of phalanges and metatarsals. A detailed analysis of the AP-2β expression pattern in the limb
bud indicated a correlation between the pattern/duration of AP-2β expression in the limb mesenchyme
and digit length in three amniote species, the chicken, mouse and gecko. In addition, we found that AP-
2β expression was downstream of Fgf signals from the apical ectodermal ridge, which is crucial in digit
morphogenesis, and that excessive AP-2β function resulted in dysregulated digit length. Taken together,
these results suggest that AP-2β functions as a novel transcriptional regulator for digit morphogenesis.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
The length of each digit in the tetrapod limb, including the
length and number of skeletal elements (the metacarpal, meta-
tarsal, and phalangeal bones), is well conserved within a species,
suggesting a species-speciﬁc mechanism for digit morphogenesis.
A multitude of factors orchestrate the complicated process of digit
morphogenesis during limb development (reviewed by Hu and He,
2008; Tickle, 2006; Zeller et al., 2009). Sonic hedgehog (Shh), ex-
pressed in the posterior margin of the limb bud (known as the
zone of polarizing activity (ZPA)), is responsible for digit pattern-
ing (Chiang et al., 2001; Kraus et al., 2001; Litingtung et al., 2002;
Riddle et al., 1993). The sustained expression of Fgfs (Fgf4, 8, 9, and
17) in the specialized epithelium at the apex of the limb budd Molecular Biology, Faculty
irosaki 036-8561, Japan.ectoderm, known as the apical ectodermal ridge (AER), is critical
for digit elongation (Mariani et al., 2008; Sanz-Ezquerro and
Tickle, 2003a). In addition, other signaling molecules, including
Bmps and Wnts, play important roles in digit morphogenesis
(Church and Francis-West, 2002; Pignatti et al., 2014; Robert,
2007). For example, it has been reported that BmprIB-/- and
Wnt5a-/- mice show shortened digits (Yamaguchi et al., 1999; Yi
et al., 2000). Although the involvement of these secreted signaling
molecules and their receptors in digit development is well docu-
mented, the mechanism how the limb mesenchymal tissue inter-
prets the secreted signals to determine speciﬁc length of each digit
is unclear. Among the signaling molecules described above, AER-
Fgfs exhibit strong correlation with the digit length (Ganan et al.,
1998; Richardson and Oelschlager, 2002; Sanz-Ezquerro and
Tickle, 2003b), suggesting that transcription factors expressed in
the mesenchyme may respond to this signal to regulate digit
length. Hoxa13, Msx1, and Msx2 are potential regulators of this
process, given that they are expressed in the distal region of the
limb mesenchyme, including the prospective autopod, and their
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et al., 1999; Nohno et al., 1992; Ros et al., 1992; Yokouchi et al.,
1991; Vargesson et al., 2001). The fact that mice containing single
knockouts of these genes exhibit distinct phenotypes (Bensous-
san-Trigano et al., 2011; Fromental-Ramain et al., 1996; Lallemand
et al., 2005; Perez et al., 2010) suggests that these transcription
factors play unique roles in the complex process of digit mor-
phogenesis. If there are any transcription factors directly regulat-
ing the digit length, their expression pattern or amount should
differ among each digit and even species, unlike Hoxa13, Msx1 and
Msx2.Fig. 1. The expression of dominant-negative AP-2β gives rise to autopodial malformatio
syndrome patients are shown. A264D and R289C (in red) were used in the dominant-ne
(B) Alkaline phosphatase staining of the embryo at around stage 32 following the infecti
bud at approcimately stage 21. (C–G) Alcian blue staining of the autopodial skeleton of ch
AP-2βR289C (F, G). (C) is the normal hindlimb contralateral to that in (D). Black arrowhea
reduced numbers of phalanges. Scale bars, 1 mm. (H, I) Relative length of each skeletal ele
the phalanges present in each digit. Student's t-test was used to validate signiﬁcant diffe
(For interpretation of the references to color in this ﬁgure legend, the reader is referredThe study of human hereditary diseases has also contributed to
the identiﬁcation of the genes and developmental mechanisms
involved in tissue and organ morphogenesis. Char syndrome, an
autosomal dominant disorder, is characterized by patent ductus
arteriosus (a congenital heart defect), facial dysmorphism, and
digit abnormalities (Char, 1978; Satoda et al., 1999). A genome-
wide search in humans revealed that mutations in the gene en-
coding AP-2β (also known as TFAP2B), a member of AP-2 family of
transcription factors, which is conserved from nematodes to
mammals, are causally associated with Char syndrome (Eckert
et al., 2005; Satoda et al., 2000; Zhao et al., 2001). AP-2β, togethern. (A) AP-2β protein structure. The six different point mutations identiﬁed in Char
gative studies here. This scheme was modiﬁed from Hilger-Eversheim et al. (2000).
on with RCASBP(A)-alkaline phosphatase into the distal region of the right hindlimb
icken hindlimbs that were infected with RCASBP(A)-AP-2βA264D (D, E) or RCASBP(A)-
d indicates a fused or incomplete joint. White arrowheads indicate the digits with
ment compared to that of its contralateral limb. The term “Digit” here refers to all of
rences. *Po0.05, **Po0.01, ***Po0.001. Error bars represent standard errors (SE).
to the web version of this article.)
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bind to GC-rich sequences in the promoter regions of target genes
to activate their transcription (reviewed by Eckert et al., 2005;
Hilger-Eversheim et al., 2000). Six different mutations in the AP-2β
coding sequence have been identiﬁed among Char syndrome pa-
tients, all of which exhibit dominant-negative effects (Fig. 1A;
Satoda et al., 2000; Zhao et al., 2001). Patients with this syndrome
lack the middle phalanx of the ﬁfth digit (Satoda et al., 1999), and
our observations of the picture in Fig. 2B in Satoda et al. (1999)
also indicated a shortening of the fourth digit, without loss of
phalangeal bones. These ﬁndings led us to speculate that AP-2β
plays a role in regulating the length and number of skeletal ele-
ments in the digits, thus determining digit length and morphology.
Previous studies demonstrated that AP-2β is expressed in the limb
bud and that AP-2β-deﬁcient mice develop small postaxial pro-
trusions, referred to as accessory digits (Rock et al., 2007; Zhao
et al., 2011). This phenotype does not correspond with the digit
anomalies characteristic of Char syndrome, suggesting compli-
cated function of AP-2β on digit formation. In addition, there is no
evidence for a direct connection between the digit defects asso-
ciated with Char syndrome and AP-2β function in the developing
limb bud.
To investigate the involvement of AP-2β in digit morphogen-
esis, we performed loss- and gain-of-function studies on AP-2β in
the chick limb bud. Our results suggested that AP-2β is directly
involved in autopod skeletal morphogenesis. Expression analyses
of AP-2β in chick, mouse and gecko limb buds indicated a corre-
lation between the duration of AP-2β expression and digit length.
Our ﬁndings also revealed that AP-2β expression in the limb bud
was maintained in an AER-Fgfs-dependent manner. Taken to-
gether, these ﬁndings suggest that AP-2β is an important regulator
of digit morphology in tetrapods.2. Materials and methods
2.1. Animals
Fertilized chicken eggs (Gallus gallus, White Leghorn) were
incubated at 38 °C, and the embryos were staged according to
Hamburger and Hamilton (1951). Mouse embryos (Mus musclus,
Slc: ddY) were collected from pregnant mice that were obtained
from a local supplier. Adult Madagascar ground geckos (Paroedura
pictus) were maintained in our laboratory and used to obtain fer-
tilized eggs. The eggs were incubated at 28 °C and subjected to
gene expression analysis at the indicated stages. Developmental
staging was performed according to Noro et al. (2009). All animal
treatment was properly performed in accordance with the animal
care and use committee guidelines of Tohoku University.
2.2. RCAS vector construction
Two types of replication-competent avian sarcoma-leukosis
virus long terminal repeat with a splice acceptor (RCAS), encoding
different envelope types were used. The AP-2β and AP-2α ORF se-
quences used to generate RCASBP(A)-AP-2β and RCASBP(B)-AP-2α
were obtained by RT-PCR of chick embryo cDNA using the following
primers: AP-2β, forward: 5′-GAATTCGATGCTCTGGAAACTGGTTG-3′,
and reverse: 5′-GAATTCTCATTTTCTGTGTTTCTCTTCC-3′; AP-2α, for-
ward: 5′-GAATTCGATGCTCTGGAAGCTGACGGA-3′, and reverse: 5′-
CCCGGGTCACTTTCGGTGCTTCTCCT-3′. The RCASBP(A)-AP-2βA264D
and RCASBP(A)-AP-2βR289C dominant-negative constructs were
generated by PCR using primers with single nucleotide substitu-
tions (Satoda et al., 2000). RCASBP(A)-VP16-AP-2βwas generated by
fusing the VP16 transactivation domain to the 5′-terminus of AP-2β.2.3. RCAS infection
Virus-free chick embryonic ﬁbroblasts were cultured and
transfected with the RCAS-vectors described above. After at least
two passages, the RCAS-infected cells were collected and then
injected into the distal region of the hindlimb bud of virus-free
chick embryos at approximately stage 21, using ﬁnely pulled glass
capillaries. Preparation of virus-infected cells and injection pro-
cedures were according to Omi et al. (2005) and Suzuki et al.
(2008). Cell injection is a good method for virus infection, in which
titling of the virus is not required and the virus can be locally
infected. This method is not widely used but is easier than general
methods by injection of a tittered virus solution. The cell injection
method sometimes affects normal development, but we conﬁrmed
in our control experiments that the injection itself resulted in a
minimum alternation in digit pattern (see Fig. 1B). The injection
domain was deﬁned according to the previous reports (Gordon
et al., 2009; Logan and Tabin, 1998). RCASBP(A)-alkaline phospha-
tase was used for visualization of infected region in our procedure.
For alkaline phosphatase staining, chick embryos infected with
RCASBP(A)-alkaline phosphatase were ﬁxed with 4% paraf-
ormaldehyde/PBS for 6–8 h, followed by incubation at 65 °C for
45 min to inactivate endogenous activity of alkaline phosphatase
in the embryo. The signal was detected by NBT/BCIP staining.
2.4. Skeletal staining
To analyze cartilage staining patterns in the chick embryo, the
embryos were ﬁxed in 10% formalin, stained with 0.1% Alcian blue,
dehydrated in graded concentrations of ethanol, and cleared with
methyl salicylate. To stain cartilages and bones in the mouse and
gecko, samples were ﬁxed in 10% formalin, stained with 0.03%
Alcian blue and 0.005% Alizarin red, cleared with 1% KOH, and
stored in glycerol.
2.5. Cloning
A partial fragment of the AP-2β cDNA from P. pictus, used as a
probe for in situ hybridization, was isolated by degenerate PCR
using cDNA generated from a P. pictus embryo at 8 days post
oviposition (dpo). The degenerate primer sequences were as fol-
lows: forward, 5′-ATGATGAAYAARGAYGGNTT-3′ and reverse, 5′-
AACATYTTRTCCATNCCYTT-3′. A partial fragment of the chick AP-
2α cDNA was also isolated by PCR with following primers: for-
ward, 5′-AAGAGTTCACCGACCTGCTG-3′ and reverse, 5′- ACTGGG
GTAGCAAAACGATG-3′.2.6. In situ hybridization
Chick, mouse and gecko embryos were processed for whole-
mount in situ hybridization as described previously (Noro et al.,
2009; Yonei et al., 1995) using chick, mouse, and gecko AP-2β
antisense probes, chick AP-2α, Agc1, Fgf8, Sef, Shh, Bmp2, Bmp4,
Msx2, antisense probes and an RCAS retrovirus-derived gag anti-
sense probe. Embryos were treated with 10 mg/ml Proteinase K
solution prior to hybridization, except for chick embryos at stage
21 for AP-2α, in which 1 mg/ml Proteinase K solution was used to
avoid degradation of the AER structure. Section in situ hybridiza-
tion was performed according to Yoshida et al. (1996). Chick AP-2β
probe was prepared from the full-length ORF sequence used for
RCAS vector construction. The mouse AP-2β probe was produced
according to the methods in the embryonic gene expression da-
tabase “EMBRYS” (Yokoyama et al., 2009).
Fig. 2. Effects of the dominant negative form of AP-2β on limb development. (A–C) Sagittal sections of the chick hindlimb bud 2 days after infection of RCASBP(A)-AP-2βR289C
to detect gag mRNA (A) and pHH3 (B, C). (B) is the intact hindlimb bud contralateral to that in (A, C). (B, C) are merged images with DAPI staining. Scale bars, 100 mm. (D, E)
Sagittal sections of the chick hindlimb bud 2 days after RCASBP(A)-AP-2βR289C infection to detect active Caspase3. Images are merged with those of DAPI staining. (D) is the
intact hindlimb bud contralateral to that in (E). Scale bars, 100 mm. (F–I) Expression of Sef (F),Msx2 (G), Bmp2 (H) and Bmp4 (I) in the chick hindlimb bud 2 days after infection
of RCASBP(A)-AP-2βR289C. (J, K) Expression of Agc1 in the chick hindlimb bud 3 days after infection of RCASBP(A)-AP-2βR289C. White and black arrowheads indicate complete
loss of digit 1 and small cartilage condensation in digit/metatarsal 2 with the segmenting joint between them, respectively. (K) shows the higher magniﬁcation images of
digit 3 and metatarsal 4 in (J). Right and left panels in (F–K) show the infected and contralateral hindlimb buds, respectively.
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Immunohistochemistry in chick embryo was performed basi-
cally according to Noro et al. (2011) with small modiﬁcation inwhich embryos were ﬁxed for overnight. The primary antibodies
were diluted 1:500 (v/v) for rabbit anti-phosphorylated Histone
H3 (pHH3) (Millipore, 06-570) and rabbit anti-active Caspese3 (BD
Pharmingen, 559565). Sections were counterstained with DAPI.
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the distal region of the hindlimb bud in some sections. The ratio of
pHH3-positive cells to the total number of cells (number of DAPI
signals) was calculated, and the ratios in infected and contralateral
limb buds were compared. The cell counting procedure was re-
peated for three sections from three different infected embryos.
2.8. In ovo manipulations of chick limb buds
To remove the AER from chick hindlimb buds, ﬁnely sharpened
tungsten needles were used. For the local delivery of proteins,
individual afﬁgel blue beads (Bio-Rad) were used as microcarriers.
Prior to their implantation, the beads were soaked in a solution
containing 1 mg/ml FGF8 (R&D Systems), 1 mg/ml FGF4 (R&D
Systems), 5 mg/ml SHH (R&D Systems), or PBS (for the control
samples) for at least 2 h at 4 °C. Cyclopamine (Biomol, GR-334)
was diluted in 45% 2-hydropropyl-β-cyclodextrin (HBC) (Sigma) in
PBS as previously described (Incardona et al., 1998), and 5 ml of a
1 mg/ml cyclopamine solution was administered into the amniotic
cavity surrounding the chick embryo. Each experiment was per-
formed at stages 20–21 and repeated several times.3. Results
3.1. AP-2β regulates autopod development in the chick limb bud
To determine the precise function of AP-2β in limb develop-
ment, we evaluated the effects of AP-2β mutations found in Char
syndrome patients, on the developing limb bud in chickens. We
designed and overexpressed two different chick AP-2β mutated
genes, each of which contained amino acid changes equivalent to
those found in Char syndrome patients (A264D and R289C,
Fig. 1A); these mutations were previously shown to exert domi-
nant-negative effects on AP-2β function (Satoda et al., 2000). We
focused on analyzing the hindlimb buds, because it is easy to
evaluate phenotypes in the digits of the hindlimb, since they each
contain a different number of phalanges. We used RCAS retrovirus
system for gene introduction after conﬁrming that retrovirus-in-
fected cells were distributed widely in the autopod and zeugopod
with little morphological alteration due to damage of manipula-
tion (Fig. 1B, n¼12/13). When either dominant-negative AP-2β
mutant was overexpressed by RCAS infection, the affected limb at
E10.5 (stage 36) exhibited various morphological defects, includ-
ing loss of phalanges (Fig. 1D–F, white arrowheads), incomplete
joint formation (Fig. 1F, black arrowhead), fusion of metatarsals
(Fig. 1E), and loss of digit(s) (Fig. 1E and G) (see also Table 1). The
primary phenotype observed was the shortening of skeletal ele-
ment(s) in the autopod, resulting in a decreased total length of the
digit/metatarsal (Fig. 1H and I). The extent of the shortening ofTable 1
Hindlimb skeletal pattern phenotypes resulting from limb bud infection with
RCASBP(A)-AP-2βA264D or RCASBP(A)-AP-2βR289C.
Phenotype RCAS-AP-2βA264D
(n¼15)
RCAS-AP-2βR289C
(n¼22)
Loss of digit(s) 1 9
Loss of phalanx(-ges) 7 (2) 10 (1)
Fusion of metatarsals 7 13
No alteration in morphology 4 7
Some specimens exhibited more than one phenotype listed in the left, resulting in
that the sum of the number for each phenotype category is not equal to the number
of specimens for each experiment. The parenthesized numbers in “loss of phalanx
(-ges)” row indicate the number of individuals showing terminal truncation,
namely, loss of the conical-shaped element at the distal end of the digit.digit/metatarsal 1 was milder than that of the others. In addition,
there was a slight, but signiﬁcant reduction in the length of the
stylopod and zeugopod (Fig. 1H and I). Notably, there were some
defects reminiscent of those associated with Char syndrome, in-
cluding defective phalanx formation in the posterior-most digit
and shortening of posterior digits (Fig. 1D, compare to Fig. 2B in
Satoda et al. (1999)). We did not observe any defects in the con-
tralateral limbs. These ﬁndings suggest that mutant forms of AP-2β
expressed in the developing limb give rise to skeletal anomalies,
and that AP-2β is essential for normal limb skeletal morphogen-
esis, in particular, for digit length determination. Notably, the
dominant-negative forms of AP-2β expressed here and in patients
with Char syndrome appear to have stronger effects on digit for-
mation, than does AP-2β deﬁciency, given that AP-2β null mice
exhibit only subtle limb defects (Moser et al., 1997a; Zhao et al.,
2011) (see also Discussion).
To elucidate the effects of dominant negative AP-2β on limb
development, we next examined whether cell proliferation and
cell death are affected by overexpression of AP-2βR289C. Two days
after infection, the ratio of pHH3-positive cells was analyzed and
compared to that in the intact contralateral limb bud. Although the
RCAS retrovirus had spread widely in the distal limb bud where
AP-2β was endogenously expressed (Fig. 2A, see also Fig. 3G),
there was no obvious difference in the number of pHH3-positive
cells in each section between infected and contralateral limb buds
(Fig. 3B and C, in three different embryos), which was statistically
conﬁrmed by cell-counting analysis (Student's t-test, P¼0.483).
Using the same samples, we investigated the rate of cell death by
detecting active Caspase3, and we found that a few sections from
two of three samples exhibited active Caspase3 signals in the
distal mesenchyme of the infected limb bud, whereas such signals
were hardly detected in the contralateral limb bud (Fig. 2D and E).
Cell death in the AER was commonly detected in both limb buds,
being consistent with a previous report (Fernandez-Teran et al.,
2006). These results imply that aberrant induction of cell death in
the distal mesenchyme is one of the causes of skeletal anomalies
in the limb observed when the mutant form of AP-2β is
overexpressed.
Fgf and Bmp signaling play crucial roles in the generation of a
highly organized skeletal pattern in the limb, as described in In-
troduction. In addition, in AP-2β-deﬁcient mice, expression of
Bmp2 and that of Bmp4 in the developing limb bud have been
shown to be downregulated and upregulated, respectively (Zhao
et al., 2011). Thus, we next investigated the effect of the dominant
negative form of AP-2β on these aspects. The expression patterns
of Sef, a negative regulator of Fgf signaling in Fgf-responsive cells
(Furthauer et al., 2002; Harduf et al., 2005; Tsang et al., 2002), and
Msx2, a target gene of Bmp signaling (Khokha et al., 2003; Pizette
and Niswander, 1999), as well as Bmp2 and Bmp4were analyzed in
the chick hindlimb bud two days after infection of RCASBP(A)-AP-
2βR289C. However, the expression patterns and signal intensities of
these genes were comparable to those in the contralateral limb
bud (Fig. 2F–I, n¼3/3 each), although the expression domains
appeared to be slightly changed because of the deformed mor-
phology of the infected limb buds. These results suggest that Fgf
and Bmp signaling function normally in the chick hindlimb bud
when the function of AP-2β is inhibited. Alternatively, it is possible
that the change of gene expression is too faint to be detected by
in situ hybridization (quantitative experiments such as qPCR and
Western blot might provide us more information.).
Although we showed above that the skeletal pattern at E10.5
was affected by overexpressing the mutated form of AP-2β (Fig. 1),
it is still unclear whether the early step of chondrogenesis is af-
fected. We therefore examined the expression pattern of Agc1,
which encodes aggrecan, an early marker of cartilage differentia-
tion, three days after infection of RCASBP(A)-AP-2βR289C.
Fig. 3. Duration of AP-2β expression correlates with digit length. (A–D, F–I) Expression pattern of AP-2β in the chick fore- and hindlimb bud at stage 22 (A, F), 27 (B, G), 30 (C,
H), and 32 (D, I). Black and white arrowheads indicate the maintained and weakened expression of AP-2β, respectively. (E, J) Alcian blue staining of chick fore- (E) and
hindlimb (J) at stage 36 (E10.5). Black and white arrowheads indicate the relatively long and short digits, respectively. (K–N) Expression pattern of AP-2β in the mouse
forelimb bud at E10.5 (K), E11.5 (L), E12.5 (M), and E13.5 (N). White arrowheads indicate a region of low AP-2β expression, which corresponds to the digit 1-forming region.
(O) Alcian blue and Alizarin red staining of the mouse forelimb at P1. White arrowhead indicates digit 1, the shortest digit in the mouse forelimb. (P–S) Expression pattern of
AP-2β in the gecko forelimb bud at 7 (P), 14 (Q), 18 (R), and 20 dpo (S). At 18 dpo, the digit 1-forming region exhibited slight but reproducible AP-2β expression (gray
arrowhead), whereas at 20 dpo, almost no AP-2β expression was detected in this region (white arrowhead). (T) Alcian blue and Alizarin red staining of the gecko forelimb at
the juvenile stage. Digit 1 is relatively short compared to the other digits (gray arrowhead). All samples are oriented anterior to left.
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showed relatively small cartilaginous condensations (Fig. 2J and K,
black arrowhead; n¼8/10). In addition, complete loss of the con-
densations was observed at this stage in some specimens (Fig. 2J,
white arrowhead showing digit 1 loss in this specimen; n¼2/10).
These results indicate the contribution of AP-2β to the early step of
skeletal morphogenesis.
3.2. Duration of AP-2β expression correlates with digit length
Previous studies demonstrated that AP-2β is expressed in the
posterior-distal region of mouse limb bud (Rock et al., 2007; Zhao
et al., 2011), but a detailed description of its expression pattern
during digit development has not been reported. Here, we ex-
amined AP-2β expression in the chick limb bud, focusing on digitformation. At the early stage of limb development (stage 22), AP-
2β was expressed in the mesenchymal tissue in the posterior-
distal regions of both the fore- and hindlimb buds, but not in the
ectoderm, including the AER (Fig. 3A and F, see also Fig. 4M and N).
As limb development proceeded, the AP-2β expression progres-
sively increased in the anterior region (Fig. 3B, C, G, and H). At
stage 32, when digit cartilage formation is in progress, the AP-2β
expression was speciﬁcally maintained in the distal region, in as-
sociation with the development of the longer digits (digit 2 in the
forelimb and digits 2, 3, and 4 in the hindlimb), while its expres-
sion in the shorter digit primordia (digits 1 and 3 in the forelimb
and digit 1 in the hindlimb) was reduced (Fig. 3D, E, I, J, and black
and white arrowheads). Together with further observations in la-
ter stages (see Fig. 4O–R), these observations revealed that the
longer a digit is, the longer period of AP-2β expression the digit
Fig. 4. AP-2β mesenchymal expression is adjacent to the AER. (A–C) Fgf8 expression in the chick hindlimb bud at stage 32. (B) and (C) are higher-magniﬁcation images of the
insets in (A). Fgf8 expression at the tips of digits 3 and 4 was stronger (black arrowheads) than its expression at the tip of digit 2 (white arrowhead), and was not detected at
the tip of digit 1 (C). (D–F) AP-2β expression in the chick hindlimb bud at stage 32. (D) is the same image shown in Fig. 3I. (E) and (F) are higher-magniﬁcation images of the
insets in (D). AP-2β was expressed most intensely in digits 3 and 4 (black arrowheads), to a lesser extent in digit 2 (white arrowhead), and was just detectable in digit 1 (F).
(G, H) Agc1 expression in the chick hindlimb bud at stage 32. (H) is a higher-magniﬁcation image of the inset in (G). At the distal region of each digital primordium, digits
3 and 4 exhibited wider Agc1-negative domains than that of digit 2 (black and white arrowheads). (I–K) Comparison of the expression domains of Fgf8 (I), AP-2β (J), and Agc1
(K), each of which is a higher magniﬁcation of the distal region of digit 3 shown in (A), (D), and (G), respectively. (L–N) Expression of Agc1 (L) and AP-2β (M, N) in the sagittal
sections of digit 3 in the hindlimb bud at stage 32. (N) is a higher magniﬁcation image of the inset in (M). (O–R) Comparison of expression domains of Fgf8 (O, Q) and AP-2β
(P, R) at stages 33 (O, P) and 34 (Q, R). Higher-magniﬁcation images of distal tips of digits 3 and 4 were shown as insets to show the expression of Fgf8. Black arrowheads
indicate the intense expression of AP-2β at the digital tip. (O) and (Q) are the left hindlimb buds of identical specimens of (P) and (R), respectively, and these images are ﬂip-
ﬂopped horizontally.
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Fig. 5. Expressional regulation of AP-2β by AER-Fgfs and SHH. (A–H) AP-2β expression in the chick hindlimb bud immediately (B) or 18 h (D–H) after AER removal at stage
20–21, alone (B, D), or implanted with a PBS- (E), FGF8- (F), FGF4- (G) or SHH- (H) soaked bead. (A) and (C) are the limb buds contralateral to those in (B) and (D),
respectively. (I, J) AP-2β expression in the chick hindlimb bud 12 h after administration of 45% 2-hydropropyl-β-cyclodextrin (HBC) (I) or cyclopamine (J) at stage 20–21. The
bracket in (J) indicates the domain where AP-2β downregulation was observed. (K–N) AP-2β expression in the chick hindlimb bud 18 h after implantation of a PBS- (K), SHH-
(L), FGF8- (M), or FGF4- (N) soaked bead into the anterior limb bud adjacent to the AER at stage 20–21. (O–R) AP-2β expression in the chick hindlimb bud 18 hours after
implantation of a PBS- (O), SHH- (P), or SHH-/FGF8- (Q, R) soaked bead into the anterior limb bud at stage 20–21 after AER removal. In (Q), the SHH-soaked bead (left one in
the picture) was implanted more anteriorly than the FGF8-soaked bead, whereas in (R), the relative position of the two beads was reversed. There was no effect of the bead
position on ectopic expression of AP-2β.
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in the digit-forming region correlated with digit length, suggesting
that AP-2β may regulate this morphological feature. Furthermore,
weak but deﬁnite expression of AP-2β was observed in the prox-
imal region around the digital cartilage elements (Fig. 3I; see also
Figs. 3N, S and 4L, M), suggesting that AP-2β also function in later
events of digit development.
To further investigate the correlation between the duration of
AP-2β expression and digit length, we examined AP-2β expression
patterns in the mouse embryo, in which ﬁve digits develop and
digit 1 is much shorter than the others. In the mouse forelimb bud,
at the early stage (E10.5), AP-2β was expressed in the posteriorregion, as observed in the early chick limb bud (Fig. 3K) and
consistent with previous studies (Zhao et al., 2011). At E11.5, the
expression extended to the anterior region (Fig. 3L); however, it
did not extend to the anterior-most region, where digit 1 develops
(at E12.5 and E13.5; Fig. 3M–O, white arrowheads). We also ob-
tained comparable results from the expression analysis of the
gecko forelimb bud, which generates a slightly shorter digit 1,
compared with the other digits (Fig. 3T, gray arrowhead). At the
early stage (7 dpo), AP-2β expression was limited to the posterior
region (Fig. 3P) and extended anteriorly by 14 dpo (Fig. 3Q).
Afterwards, AP-2βwas transiently expressed at the digit 1-forming
region at 14 dpo (Fig. 3R, gray arrowhead), before each digit was
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longer expressed (Fig. 3S, white arrowhead). Taken together, the
duration of AP-2β expression correlated with digit length in all of
the animals examined, providing further evidence that AP-2β plays
a role in determining digit length. However, subtle differences in
the length among digits, e.g. between digits 2 and 5 in the mouse
forelimb, may not be explained only by the difference in the
duration of AP-2β expression.
3.3. FGF and SHH contribute to the regulation of AP-2β expression in
the limb bud
The AER is essential for limb outgrowth and plays a pivotal role
in digit formation (Richardson and Oelschlager, 2002; Rowe and
Fallon, 1982; Saunders, 1948; Summerbell, 1974). To examine the
effect of the AER on AP-2β expression, we ﬁrst compared the po-
sition of the AER with the pattern of AP-2β expression. In the chick
hindlimb bud at stage 32, Fgf8, a reliable AER marker, was ex-
pressed at the distal tips of digits 3 and 4, and AP-2β was ex-
pressed in the mesenchymal tissue, just beneath the Fgf8-positive
AER (Fig. 4A, B, D, E, and black arrowheads). At this stage, Fgf8 was
no longer expressed in digit 1, and a faint signal for AP-2β was
detected (Fig. 4A, C, D, and F). In contrast, both Fgf8 and AP-2β
were expressed at intermediate levels in digit 2 (Fig. 4A, B, D, E,
and white arrowheads). Notably, the expression pattern of Agc1
did not overlap with that of AP-2β (Fig. 4G and H, arrowheads;
compare with Fig. 4E, enlarged are shown in Fig. 4I–K). Section
in situ hybridization conﬁrmed that an Agc1-positive phalanx
primordium (Fig. 4L) is AP-2β-negative (Fig. 4M and N). Thus, the
AP-2β-expressing mesenchymal cells located at the digital tip
beneath the AER, which are Agc1-negative, may be maintained in
an undifferentiated state. This idea is supported by the ﬁnding that
digit 2 exhibited a receding AER, a narrower region of AP-2β ex-
pression, and a smaller Agc1-negative region compared with digits
3 and 4 (Fig. 4B, E, H, white arrowheads). The correlation between
expression of AP-2β and that of Fgf8 was still observed at later
stages; expression of both AP-2β and Fgf8 was detected in digits
3 and 4 at stage 33 (Fig. 4O and P) and in digit 3 at stage 34 (Fig. 4Q
and R), although the expression was diminishing and thus not so
intense. These results led us to hypothesize that AER-Fgfs includ-
ing Fgf8 regulate the expression of AP-2β beneath the AER.
To determine the effect of the AER on AP-2β expression, we
investigated whether AP-2β expression was altered by elimination
of the AER. When the AER was surgically removed from the chick
hindlimb bud at stage 20–21, when AP-2β was already expressed
(Fig. 5A and B, n¼4/4), the AP-2β expression was completely
downregulated within 18 h (Fig. 5C and D, n¼5/5). The loss of AP-
2β expression was rescued by the application of a bead soaked
with FGF8 or FGF4 (Fig. 5E, n¼3/3; F, n¼5/5; G, n¼4/4), both of
which are expressed endogenously in the AER and function as
AER-secreted factors (Mahmood et al., 1995; Niswander and Mar-
tin, 1992; Niswander et al., 1993; Suzuki et al., 1992; Vogel et al.,
1996). It is possible that the maintenance of AP-2β expression by
the Fgfs was indirect and mediated via Shh signaling, since AER
removal downregulates Shh expression, which is also rescued by
FGF8 (Niswander et al., 1994). However, the application of an SHH-
soaked bead after AER removal did not rescue the AP-2β expres-
sion (Fig. 5H, n¼5/5), suggesting that SHH alone is not sufﬁcient
for the maintenance of AP-2β expression. Inhibition of Shh sig-
naling by cyclopamine treatment resulted in only a slight reduc-
tion in AP-2β expression (Fig. 5I, n¼2/2; J, n¼5/5), consistent with
a report using Shh-null mice (Rock et al., 2007). Taken together,
these data provide evidence that Fgf signaling from the AER di-
rectly maintains AP-2β expression in the limb mesenchyme.
The above results suggest that Shh signaling is insufﬁcient for
the maintenance of AP-2β expression; however, we noticed asimilarity in the expression patterns of AP-2β and Shh, both of
which were detected in the posterior limb bud at the early stages
(compare Fig. 3A and F with Riddle et al., 1993). Furthermore, Shh
expression was induced prior to that of AP-2β (data not shown).
These observations led us to speculate that Shh may play a role in
the induction of AP-2β expression. To test this hypothesis, we
implanted an SHH-soaked bead into the anterior margin of the
hindlimb bud at stage 20-21. Eighteen hours after the bead im-
plantation, AP-2β expression was ectopically induced in the
anterior margin of the limb bud (Fig. 5K, n¼5/5; L, n¼7/7). Since
the expression domains of Fgf8 and Fgf4 in the AER extend more
anteriorly when Shh signaling is activated in the anterior limb bud
(Laufer et al., 1994; Niswander et al., 1994; Ohuchi et al., 1997), the
ectopic expression of AP-2β could be due to Fgf upregulation.
However, the implantation of an FGF8- or FGF4-soaked bead into
the anterior limb bud did not induce AP-2β expression (Fig. 5M,
n¼7/7; N, n¼7/7), suggesting that Fgf signaling, which maintains
AP-2β expression, is not sufﬁcient for the induction of AP-2β ex-
pression. Notably, however, the ectopic expression of AP-2β in the
anterior region of the limb bud was always observed beneath the
AER, implying that the AER contributes to the induction of AP-2β
expression. Indeed, AER removal, when performed simultaneously
with SHH-soaked bead implantation into the anterior limb bud,
prevented the ectopic induction of AP-2β (Fig. 5O, n¼3/3; P, n¼3/
3), which could not be rescued by FGF8-soaked bead implantation
(Fig. 5Q, n¼5/5; R, n¼5/5). These results suggest that Shh sig-
naling, in combination with AER factors other than FGFs, initiates
the AP-2β expression during the early stages of limb development.
3.4. AP-2β gain-of-function results in defective digit formation
The effects of the AP-2β loss-of-function mutants on chick digit
morphology (Fig. 1) supported our original hypothesis that AP-2β
plays a role in digit length determination. To further investigate
the impact of AP-2β on digit length, we overexpressed it in the
distal region of the hindlimb bud. One week after RCASBP(A)-AP-
2β infection of the hindlimb bud there were no detectable al-
terations in the developing skeleton (Fig. 6A and B, n¼31/32). This
ﬁnding suggests that AP-2β-mediated transcriptional activation of
its target genes may require cofactors (for example, PC4, also
known as Sub1) (Kannan and Tainsky, 1999; Kannan et al., 1999),
or heterodimerization with other AP-2 family members (as dis-
cussed below). To test this theory, we overexpressed a con-
stitutively active form of AP-2β, fused to the VP16 transactivation
domain that can function in the absence of cofactors. Notably,
expression of the gain-of-function fusion protein resulted in the
shortening and/or disappearance of autopod skeletal elements
(Fig. 6C–H). The phalanges and metatarsals in the anterior digits
were severely affected (Table 2), and in many cases we observed
the complete loss of digit 1 (Fig. 6D) or the loss of the most distal
phalanx of digit 1 (Fig. 6E and F). In addition, some individuals
exhibited defective metatarsal development in digits 2 and 3, as
well as digit 1, resulting in the bending of autopod elements in the
anterior direction (Fig. 6G and H). All four digits displayed sig-
niﬁcant shortening, and the length of digit 1 was considerably
reduced (Fig. 6I). These results suggest that normal digit length
requires the proper regulation of AP-2β expression.
AP-2 family members function as homo- and heterodimers
(Eckert et al., 2005; Hilger-Eversheim et al., 2000), and as men-
tioned above, AP-2β overexpression alone may not have impacted
digit formation (Fig. 6A and B) because of the requirement for
heterodimerization with other AP-2 family members. Therefore,
we next investigated the function of AP-2α/AP-2β heterodimers,
since AP-2α is also expressed in the limb bud (Mitchell et al., 1991;
Moser et al., 1997b; Shen et al., 1997). Examination of the AP-2α
expression proﬁle in the chick limb development revealed that at
Fig. 6. The expression of an AP-2β gain-of-function fusion protein results in autopod malformation. (A–H) Alcian blue staining of chick hindlimbs at stage 36 (E10.5)
following infection with RCASBP(A)-AP-2β (A, B) or RCASBP(A)-VP16-AP-2β (C-H). (A) and (C) are the limbs contralateral to those in (B) and (D), respectively. (F) is the higher-
magniﬁcation image of the inset in (E). (I) Relative length of the four digits (1, 2, 3, and 4 indicate digits 1, 2, 3, and 4) following infection with RCASBP(A)-VP16-AP-2β,
compared to the control, contralateral limb. The length from the proximal end of the metatarsal to the distal tip of the distal phalanx of each digit was measured. These data
do not include the measurements of skeletal elements that could not be identiﬁed due to severe malformation. Student's t-test was used to validate signiﬁcant differences.
**Po0.01, ***Po0.001. Error bars represent standard errors (SE).
Table 2
Hindlimb skeletal pattern phenotypes resulting from limb bud infection with
RCASBP(A)-VP-16-AP-2β.
Skeletal elements exhibiting shortening and/or
disappearance
Number of specimens
(n¼14)
Digit/metatarsal 1 6
Digit/metatarsal 2 4
Digit/metatarsal 3 2
Digit/metatarsal 4 1
No alteration in morphology 5
Some specimens exhibited more than one phenotype listed in the left, resulting in
that the sum of the number for each phenotype category is not equal to the number
of specimens.
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of both the fore- and hindlimb buds (Fig. 7A and E). In the AP-2α-
Cre mouse, CRE recombinase is active in the AER (Boulet et al.,
2004), indicating that AP-2α is expressed in the AER in the mouse
embryo, whereas no expression of AP-2α was observed in the AER
in the chick embryo. At later stages of limb and digit development,
AP-2α expression was conﬁned to the distal region and digital tips,
similar to the expression of AP-2β (Fig. 7B–D, F–H). Given the si-
milar expression patterns of these two factors, it is possible that
they function as heterodimers during normal limb development.
To examine their impact on limb development, we overexpressed
AP-2α and AP-2β simultaneously. The combined expression of
both factors resulted in the shortening of skeletal elements in both
Fig. 7. Excess expression of AP-2α/AP-2β causes autopod skeletal abnormalities.(A–H) AP-2α expression in the chick fore- (A–D) and hindlimb bud (E–H) at stage 21 (A, E), 27
(B, F), 30 (C, G), and 32 (D, H). (I, J) Alcian blue staining of chick hindlimbs at E10.5, following infection of the right hindlimb bud with RCASBP(B)-AP-2α alone (J), or in
combination with RCASBP(A)-AP-2β (I). Dorsal views are shown. Brackets indicate the autopod and zeugopod. A, autopod; Z, zeugopod. Scale bars, 1 mm.
Table 3
Hindlimb skeletal pattern phenotypes resulting from limb bud infection with
RCASBP(A)-AP-2β/RCASBP(B)-AP-2α or RCASBP(B)-AP-2α alone.
Shortened skeletal elements β/α double (n¼20) α single (n¼12)
Zeugopod and autopod 14 2
Only zeugopod 4 5
Only autopod 0 0
No obvious alteration 2 5
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gopod were more severe and occurred with higher frequency than
those in the autopod, and individuals with skeletal abnormalities
in the autopod always showed severe defects in the zeugopod, but
not vice versa (Table 3). Overexpression of AP-2α alone resulted in
less severe effects with a much lower frequency of individuals
exhibiting defects in both the autopod and zeugopod (Fig. 7J,
Table 3).
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AP-2β expression in limb mesenchymal cells is required for normal
digit length development, and that AP-2α/AP-2β heterodimers,
the function of which may be mimicked by constitutively active
AP-2β, may play a role in this process. Notably, AP-2α and AP-2β
were not endogenously expressed in the prospective zeugopod
region (Figs. 2 and 7), and the ectopic expression of AP-2α and AP-
2β and their presumptive heterodimers might lead to disorganized
skeletal development in the zeugopod.4. Discussion
4.1. AP-2β function in limb skeletal morphogenesis
Studies of heritable human syndromes, as well as mouse and
Drosophila mutants, have helped to elucidate the genetic me-
chanisms of morphogenesis during animal development. A con-
siderable number of syndromes involving human limb mal-
formation have been described (Castriota-Scanderbeg and Dallo-
piccola, 2005; Schoenwolf et al., 2009), and the genetic mutations
responsible for many of them have been identiﬁed and char-
acterized. This wealth of information provides insights into the
mechanisms underlying congenital deformities, as well as the
molecular principles of limb development. Numerous human
syndromes involve conserved molecular pathways in humans and
other vertebrates, including Holt-Oram syndrome, caused by in-
activating mutations in the gene encoding the transcription factor
TBX5 (Basson et al., 1997; Li et al., 1997), Robinow syndrome,
caused by mutations in the ROR2 (receptor tyrosine kinase-like
orphan receptor 2) gene (Afzal et al., 2000), and Leri–Weill syn-
drome, resulting from changes involving the SHOX homeobox gene
(Shears et al., 1998). Here, we sought to identify a novel regulator
of digit length and focused on Char syndrome, since mutations in a
single gene encoding the transcription factor AP-2β were shown to
be responsible for the syndrome (Satoda et al., 2000; Zhao et al.,
2001). Few functional studies involving this gene have been per-
formed in the developing limb although AP-2 transcription factors
generally are known to promote cell proliferation and inhibit dif-
ferentiation and/or apoptosis (reviewed by Hilger-Eversheim et al.,
2000).
Based on the association of human AP-2β mutations with Char
syndrome, we hypothesized that this transcription factor has a role
in autopod skeletal morphogenesis. Although the AP-2β expres-
sion in the developing limb bud was brieﬂy analyzed (Rock et al.,
2007; Zhao et al., 2011), its function in skeletal morphogenesis
remained unclear. Here, we carried out loss-of-function analyses
of AP-2β by overexpressing the same dominant-negative forms of
AP-2β previously associated with Char syndrome. As a result,
various hypoplastic phenotypes were observed (Fig. 1, Table 1).
One of the most striking defects was a reduction in digit length,
due to a loss of phalanges and/or shortening of phalanges and
metatarsals, reminiscent of Char syndrome limb defects (Satoda
et al., 1999; Fig. 1). In addition, we found that during normal de-
velopment, the duration of AP-2β expression in the distal me-
senchyme correlated with digit length. The expression does not
necessarily correspond with the number of phalanges, because in
the chick hindlimb, digit 4 consisting of the largest number of
phalanges ceases expressing AP-2β prior to digit 3, the longest
digit (Fig. 4R). We further revealed that this relationship was ap-
proximately conserved across four different digit patterns in three
different tetrapods (Fig. 3). Given that digits 2 and 5 in the mouse
forelimb exhibit similar expression pattern of AP-2β, we should
consider other factors that would orchestrate precise digit length,
since these two digits have different lengths: digit 2 is longer than
digit 5.Concerning the cellular level function of AP-2β, not reduced cell
proliferation but aberrant cell death was detected when the
dominant negative form of AP-2β was overexpressed (Fig. 2B–E).
Decrease of the number of the cells in the distal mesenchyme
might give rise to loss or reduction of the source of cartilaginous
condensation, because the mesenchymal cells located between the
AER and elongating condensation has been shown to be pro-
spective digital cells (Suzuki et al., 2008). However, it is still con-
troversial whether the aberrant induction of cell death is indeed
the only cause of the skeletal anomalies observed at E10.5. Various
mechanisms contribute to digit length determination in the de-
veloping limb (Casanova et al., 2012; Casanova and Sanz-Ezquerro,
2007; Richardson and Oelschlager, 2002; Sanz-Ezquerro and
Tickle, 2003a). This process is initiated by Fgf signaling in the AER,
which controls the distal outgrowth of the limb bud. Under the
inﬂuence of the AER-Fgfs, the formation of small cartilage units,
periodic repeats of mesenchymal condensation and joint, de-
termines the number of phalanges. The AER-Fgfs are also involved
in digit tip formation, which terminates digit elongation and thus
contributes to digit length (Sanz-Ezquerro and Tickle, 2003b). Bmp
signaling in the interdigital region between digit primordia is
important for the distal piling up of mesenchymal cells for phalanx
formation (Dahn and Fallon, 2000; Suzuki et al., 2008). Digit
length is also determined by the growth of long bones in the digit
(the phalanges and metacarpal/metatarsal), which is regulated by
the relative rates of proliferation and differentiation of cartilage
cells (Reviewed by Egawa et al., 2014 and Kronenberg, 2003). Bmps
are involved at almost every stage of bone formation, and thus
play an important role in determining bone length. Furthermore, a
previous report showed that AP-2β-knockout mice exhibit reduced
Bmp2 and increased Bmp4 expression and that AP-2β can bind the
promoter sequences of these genes in the mouse genome (Zhao
et al., 2011), suggesting that AP-2β may play a role in ﬁne-tuning
the balance of Bmp signals. In this study, however, inhibition of
AP-2β function did not remarkably affect the levels of Fgf or Bmp
signaling as well as those of Bmp2/4 expression (Fig. 2F–I), sug-
gesting that AP-2β does not regulate these two major signaling
pathways in the limb bud. We do not have to rule out the possi-
bility that AP-2β is associated with these signaling pathways, be-
cause the regulation of digit length should not be digital but gra-
dual and subtle, and further quantitative assays will help us to
understand the details of the molecular mechanism for regulation
of digit length. Similarly, investigation such as an analysis using
mutant mice carrying the same point mutation we focused on in
this report will also give us certain insight in the future.
As discussed above and below, AP-2β may contribute to digit
length determination at several stages of development but is more
likely to be involved in earlier steps, since AP-2β expression was
strongly expressed in the distal tip of the limb bud instead of in
the cartilage primordia (Fig. 4D–N). This idea is further supported
by our observation that the mutated form of AP-2β caused loss and
reduction of cartilaginous condensation detected by an early
marker of cartilage differentiation (Fig. 2J and K). On the other
hand, AP-2β expression was also seen around the developing digit
(non-cartilage mesenchyme surrounding phalanx cartilage), al-
though the expression level was lower than that in the digital tip
(Fig. 4M). Therefore, it is possible that AP-2β plays a role also in the
later steps of digit development such as supporting growth of
cartilage. Considering the fact that AP-2β is a transcription factor,
non-cell autonomous function of the AP-2β signaling cascade
should be taken into account in this case.
Gain of AP-2β function resulted in the shortening, rather than
lengthening of skeletal elements (Figs. 6 and 7), suggesting that
the appropriate regulation of AP-2β’s activity and/or duration of
expression is required for normal digit morphogenesis. As dis-
cussed above, we found that the AP-2β expression ceased early in
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distal tips (Figs. 3 and 4). Notably, the dominant-negative AP-2β
mutants gave rise to a relatively weak digit 1 phenotype (Fig. 1H
and I), while the constitutively active AP-2β mutant resulted in a
severe shortening of digit 1 (Fig. 6I), suggesting that this digit is
less dependent on AP-2β activity than are other digits during
normal development. Thus, AP-2β may function only in the pre-
sence of the AER and may be a downstream mediator of AER
signals in the limb bud distal mesenchymal cells that regulates
digit elongation. Other downstream mediators should also be in-
volved, since FGF implantation leads to digit elongation (Uejima
et al., 2010), while AP-2β overexpression does not.
4.2. AP-2β is a novel AER-dependent regulator
Our results demonstrated that AP-2β expression in the limb
bud depends on AER-Fgfs. During the digit-forming stage, AP-2β
was strongly expressed in the distal mesenchyme beneath the
AER, and its expression correlates with the existence of the AER
(Fig. 4). AER removal resulted in the complete loss of AP-2β ex-
pression, which was rescued by implanting an FGF8- or FGF4-
soaked bead (Fig. 5C–G). These results indicate that AER-Fgfs are
essential and sufﬁcient for the maintenance of AP-2β expression,
and that AP-2β functions as a mediator of signals from the AER.
Although impaired Shh signaling caused a slight downregulation
of AP-2β (Fig. 5I and J; Rock et al., 2007), this may have been an
indirect effect via inhibition of a positive feedback loop involving
AER-Fgfs, given that the implantation of an SHH-soaked bead was
unable to maintain the AP-2β expression following AER removal
(Fig. 5H). With regard to induction of AP-2β, SHH, but not FGFs,
induced ectopic expression of AP-2β in the presence of the AER
(Fig. 5K–N). These ﬁndings suggest that AER-Fgfs mainly function
for determining how long AP-2β is expressed in each digit and that
SHH is involved in the induction of AP-2β expression in the pos-
terior limb bud. However, since Shh-null mice express AP-2β in the
limb bud (Rock et al., 2007), SHH is probably not essential for
induction of AP-2β expression. Our observation that concurrent
administration of SHH and FGF proteins in the absence of the AER
never gave rise to induction of AP-2β (Fig. 5Q and R) indicates that
other AER factors are required for the induction of AP-2β. In ad-
dition, AP-2β expression level could be modulated by negative
regulators of Fgf signaling such as Sef and Sprouty genes, which
also show Fgf signaling-dependency, given that they are expressed
in the similar region to that of AP-2β (Harduf et al., 2005; Mino-
wada et al., 1999).
We noticed that in the early stages of limb development, the
onset and pattern of AP-2β expression were spatiotemporally si-
milar to those of Hoxa13, although the Hoxa13 expression domain
subsequently expands to encompass the entire prospective au-
topod (Nelson et al., 1996; Yokouchi et al., 1991). The limb phe-
notypes of Hoxa13-mutant mice, such as phalanx deletion and
metatarsal shortening, are similar but not identical to those of
chick embryos expressing the dominant-negative AP-2β mutants
(Fromental-Ramain et al., 1996; Perez et al., 2010). Both AP-2β and
Hoxa13 are downregulated by AER removal at early stages of limb
bud development (Fig. 5D; Hashimoto et al., 1999; Vargesson et al.,
2001), suggesting that the expression of both genes is AER-de-
pendent. Given that Hoxa13 is involved in regulating cell adhesion
(Stadler et al., 2001), while AP-2β primarily regulates cell pro-
liferation, cell death and differentiation, these factors might in-
dependently control different aspects of autopod morphogenesis.
Msx1 and Msx2, whose expressions are also AER-dependent, also
share a similar pattern of expression with AP-2β, except that they
are expressed in the AER and interdigital region as well (Nohno
et al., 1992; Ros et al., 1992). Prx-1-Cre Msx1null/nullMsx2null/Flox
mutants, in which the AER is not affected, display an anterior limbbud expansion caused by decreased apoptosis, and an abnormality
of the radius, the anterior zeugopod element (Bensoussan-Trigano
et al., 2011). In these mutants only the distal phalanges are af-
fected, suggesting that the Msx factors are not primary regulators
of digit length.
Taken together, the expression pattern and function of AP-2β
are substantially different from those of other transcription factors
that play a role in digit formation. Based on our ﬁndings, we
propose that AP-2β is a novel transcription factor that regulates
digit length in the mesenchymal tissue by controlling the number
of prospective digital cells in response to AER-Fgfs.
4.3. Impaired function of AP-2β in limb development is the primary
cause of limb skeletal defects in Char syndrome
Previous studies have revealed that nonsynonymous substitu-
tions in the AP-2β coding sequence cause Char syndrome (Satoda
et al., 2000; Zhao et al., 2001). In contrast, AP-2β knockout mice
display only subtle alterations in limb skeletal morphology (Moser
et al., 1997a; Zhao et al., 2011). These ﬁndings may reﬂect inter-
species differences in the role of AP-2β in limb development, but it
is also very possible that dominant-negative mutations in AP-2β
have more severe effects on limb development than does AP-2β
deﬁciency. Our results strongly suggested that dominant-negative
mutations in AP-2β cause developmental skeletal abnormalities in
the limb. The dominant-negative AP-2β used in this study may
also inhibit the function of other AP-2 family members through the
formation of heterodimers, and similarly, the limb phenotypes
associated with Char syndrome may be due to indirect effects on
multiple AP-2 transcription factors. Indeed, other AP-2 genes, in-
cluding AP-2α and AP-2γ, are expressed in the limb bud (Fig. 7;
Chazaud et al., 1996; Mitchell et al., 1991; Moser et al., 1997b; Shen
et al., 1997). In addition, compared with the characteristics of Char
syndrome, the limb defects observed by expressing dominant-
negative AP-2β mutants in chick embryos were more severe
(Fig. 1); this difference could be related to the RCAS-infection
method used to express them. We cannot exclude the possibility
that RCAS infection results in a broader expression of dominant-
negative AP-2β than that of endogenous AP-2β, potentially in-
hibiting the functions of other AP-2 family members with different
expression patterns, resulting in severe phenotypes. This possibi-
lity suggests that multiple AP-2 family members are differently
involved in limb skeletal morphogenesis. Further investigations on
the involvement of the AP-2 family of transcription factors in limb
development will elucidate the causative mechanisms and pa-
thogenesis of human limb diseases as well as the mechanisms
involved in normal limb development, leading to an increased
understanding of the diversiﬁcation of digit length among species.Acknowledgments
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